Abstract. ERK-type MAP kinase activity is required for normal first meiotic (MI) metaphase spindle dynamics and first polar body formation at the MI/MII transition, and for MII arrest until egg activation. MEK and MAPK, however, remain active until meiosis is completed and pronuclei form, but whether MEK/MAPK activity affects MII spindle function during egg activation has been unknown. Polarized light microscopy revealed that the MII spindle rapidly (within approximately 15 min) lost birefringence upon treatment of the egg with U0126, indicating decreased organization at the molecular level upon MEK inhibition. In contrast, birefringence rapidly increased when MPF was inhibited with roscovitine, and this was similar to the increased birefringence previously shown after fertilization or parthenogenetic activation with Sr 2+ . Confocal microscopy indicated that many spindles in U0126-activated eggs had failed to rotate or were dissociated from the egg cortex. Subsequently, abnormally-located midbodies were evident in U0126-induced parthenogenotes. Thus, MEK/MAPK activity is required to maintain the ordered structure of the MII spindle and for normal spindle dynamics during second polar body formation. Key words: Actin, Cytostatic factor, Meiosis, Mouse, M-phase promoting factor, Parthenogenesis (J. Reprod. Dev. 55: [30] [31] [32] [33] [34] [35] [36] [37][38] 2009) uring meiotic maturation of the oocyte, the spindle undergoes a series of precise movements unique to meiosis. In the mammalian oocyte, the first meiotic metaphase (MI) spindle first forms centrally, then moves parallel to its long axis until it contacts and attaches to the oocyte cortex, permitting highly asymmetric cytokinesis leading to extrusion of the first polar body [1] . The second meiotic metaphase MII spindle then forms and lies parallel to the surface, remaining in this orientation until fertilization [2] , when it rotates to once again become perpendicular to the surface, permitting second polar body emission [3] [4] [5] . Similar spindle rotations and cortical attachment appear to be a conserved feature of oocyte meiosis, such as in Xenopus, C. elegans,.
(J. Reprod. Dev. 55: [30] [31] [32] [33] [34] [35] [36] [37] [38] 2009) uring meiotic maturation of the oocyte, the spindle undergoes a series of precise movements unique to meiosis. In the mammalian oocyte, the first meiotic metaphase (MI) spindle first forms centrally, then moves parallel to its long axis until it contacts and attaches to the oocyte cortex, permitting highly asymmetric cytokinesis leading to extrusion of the first polar body [1] . The second meiotic metaphase MII spindle then forms and lies parallel to the surface, remaining in this orientation until fertilization [2] , when it rotates to once again become perpendicular to the surface, permitting second polar body emission [3] [4] [5] . Similar spindle rotations and cortical attachment appear to be a conserved feature of oocyte meiosis, such as in Xenopus, C. elegans, and Drosophila [6] [7] [8] .
Meiosis is also uniquely characterized by prolonged arrests at specific points in the cell cycle. Active maintenance of MII arrest is controlled by the meiosis-specific cytostatic factor (CSF), which requires constitutive activation of the mitogen-activated protein kinase (MAPK) pathway in the MII oocyte. It is well established that meiotic MAPK activation is controlled by an oocyte-specific protein kinase, MOS, which activates the MAP kinase kinase, MEK, which in turn activates ERK-type MAPKs [9] and downstream effectors that maintain M-phase promoting factor (MPF) activity [10] .
Oocytes of mos -/-female mice, in which the MOS/MEK/MAPK pathway is inactive, not only fail to arrest in MII, but also produce abnormally large first polar bodies when the MI spindle fails to migrate to the cortex and becomes abnormally elongated before cytokinesis [1, [11] [12] [13] [14] . MOS activity is required for normal microtubule organization before and during the MI/MII transition [15] . Direct inhibition of MEK during MI using the specific MEK inhibitor U0126 disrupts the MI spindle and causes formation of abnormally large first polar bodies similar to the mos -/-phenotype [16] . In addition, MOS/MEK/MAPK pathway components are physically associated with meiotic spindles, including phosphorylated ERK1/2 MAPK [17, 18] , phosphorylated MEK [19, 20] and an ERK1/2 MAPK-interacting protein, DOC1R, whose depletion during MI causes formation of abnormal MII spindles [21] . Thus, it is accepted that MOS/MEK/MAPK activity is required to maintain spindle integrity at the MI/MII transition.
The MOS/MEK/MAPK signaling pathway remains activated, however, until pronuclei are formed several hours after egg activation, thus persisting for a considerable period after CSF activity is no longer required to maintain MII arrest [22, 23] . Since MEK and MAPK are therefore still active during the completion of meiosis, they could also play a role in maintaining MII spindle integrity, rotation and cortical localization during egg activation and formation of the second polar body, analogous to their earlier role at the MI/MII transition. Activated MEK and MAPK both remain associated with MII spindles, and an ERK1/2 MAPK substrate, MISS, is localized specifically to the MII spindle and is required for spindle integrity in mouse oocytes [24] , supporting such a role for the MAPK cascade in regulating spindle integrity specifically during MII.
It has not been shown, however, whether MEK/MAPK activity continues to be required to maintain the MII spindle after it has formed and is correctly positioned at the cortex. While the mos -/-model provides compelling evidence of a requirement for active MEK and MAPK in maintaining the integrity of the spindle at the MI/MII transition, mos null oocytes cannot provide evidence that MEK and MAPK have a role in maintaining MII spindle integrity after the MII spindle has formed since the spindle in the mos -/-oocyte loses integrity during the MI/MII transition and thus the MII spindle is already abnormal before MII. Therefore, to investigate the role of MEK/MAPK activity specifically during activation of mature eggs with normal MII spindles, we have instead used the highly specific MEK inhibitor U0126, which can quickly inactivate MEK and hence MAPK in MII oocytes [25] . U0126 has been extensively used as a specific MEK inhibitor, including in mammalian MI oocytes, and exposure of maturing MI oocytes to U0126 has been shown to recapitulate the mos -/-and MEK knockdown phenotypes at the MI/MII transition [16, 19] , validating its use.
Because U0126 inhibits MEK and MAPK activities, and hence inactivates CSF, U0126 treatment parthenogenetically activates MII eggs. We previously found that MII eggs in which MEK was inhibited by U0126 cleaved abnormally and produced a high proportion of activated eggs with large second polar bodies [25] , and this provided the motivation for the present study. Although this phenotype was superficially similar to that of mos -/-oocytes at the MI/MII transition, the mechanism responsible in MII eggs must be different since, as discussed above, the mos -/-phenotype arises from failure of the centrally-located MI spindle to normally migrate to the cortex, while, in contrast, the MII spindle was already located at the cortex in U0126-treated MII eggs. In the present study, we used polarized light and confocal microscopy to determine whether the MII spindle is disrupted when MEK and MAPK are inactivated in MII eggs and to follow the phenotypes of the spindle microtubules and cortical polymerized actin in eggs activated by U0126.
Materials and Methods

Media
The media used for embryo culture were based on KSOM mouse embryo culture medium [26] , which contained (in mM) 104 NaCl, 2.5 KCl, 0.35 KH2PO4, 0.2 MgSO4, 1 Na lactate, 0.2 glucose, 0.2 Na pyruvate, 25 NaHCO3, 1.7 CaCl2, 1 glutamine, 0.01 tetrasodium EDTA, 0.03 streptomycin SO4 and 0.16 K penicillin G. Media were supplemented with 1 mg/ml bovine serum albumin (BSA) and equilibrated with 5% CO2 before use. All media components were purchased from Sigma-Aldrich (St. Louis, MO, USA) and were embryo culture or cell culture grade. For embryo collection and handling, Hepes-KSOM [26] was used and was produced by replacing 21 mM NaHCO3 with equimolar Hepes and adjusting the pH to 7.4 with NaOH. Hepes-KSOM with a reduced Hepes concentration (14 mM) and no BSA was used for embryos during visualization by PolScope [27] .
Egg and zygote collection
Female CF1 mice (Charles River Canada, St. Constant, PQ, Canada) were superovulated using 5 IU equine chorionic gonadotropin (eCG; Sigma) followed 48 h later by 5 IU human chorionic gonadotropin (hCG; Sigma). For zygotes, females were caged with BDF males following administration of hCG. Unfertilized eggs were collected 13.5-16 h post-hCG, while zygotes were collected 20-22 h post-hCG. The cumulus was removed by exposure to 300 μg/ml hyaluronidase in Hepes-KSOM for 6-8 min [28] . Eggs were cultured by standard methods [28] in microdrop cultures under mineral oil (Sigma), except where otherwise specified. All procedures involving animals were approved by the Animal Care Committee of the Ottawa Health Research Institute and conformed to the standards of the Canadian Council on Animal Care.
Egg activation
Unfertilized eggs were collected as described above and denuded of cumulus cells by brief exposure to 300 μg/ml hyaluronidase. For parthenogenetic activation with Sr 2+ , eggs were transferred to 10 mM SrCl2 (Sigma) in Ca 2+ -free KSOM in microdrops under mineral oil (Sigma) and cultured for 2 h (37 C, 5% CO2) and then transferred to pre-equilibrated KSOM (37 C, 5%CO2/air) for timepoints from 2-8 h [29] . For activation with U0126 (Calbiochem, La Jolla, CA, USA), eggs were transferred to 50 μM U0126 in KSOM (37 C, 5% CO2) and cultured for up to 8 h [25] . We previously showed that the inactive isomer, U0124, had no effect on eggs [25] . For activation with roscovitine (Calbiochem), a modified procedure was used [25] . Because roscovitine appears to be oil-soluble and thus is depleted from culture droplets if they are maintained under oil [30] , eggs activated by roscovitine or U0126 and roscovitine simultaneously (U0126+roscovitine, as specified) were cultured in 48-well Nunc culture plates containing 500 μl of media per well. The eggs were washed through one well of KSOM with 50 μM roscovitine (or 50 μM of each roscovitine and U0126, as specified), transferred to a second well containing the same media and then cultured for up to 8 h (37 C, 5%CO2/air). Stocks of U0126 and roscovitine (50 mM each) were made in DMSO and stored at -20 C.
Kinase assays
MPF and MAP kinase activities were measured simultaneously in lysates of seven pooled eggs or zygotes using histone H1 (Sigma) and Myelin Basic Protein (MBP; Invitrogen Canada, Burlington, ON, Canada) as substrates in an assay modified from that described in Moos et al. [31] as previously detailed [25] . This assay has been shown to be specific for the activities of MAPK (as MBP phosphorylation) and MPF (as H1 phosphorylation) in oocytes, if H89(N-[2-((p-bromocinnamyl)amino)ethyl]-5-isoquinolinesulfonamide HCl) is included to inhibit PKA activity and Ca 2+ is chelated with EGTA (ethylene glycolbis[b-aminoethyl ether]-N,N,N',N'-tetraacetic acid) to inhibit PKC activity [22] , as was done here. Briefly, seven eggs or zygotes were blindly selected, pooled, lysed in 3.5 μl kinase lysis buffer [31] and immediately frozen at -80 C. The kinase reaction was initiated at room temperature by the addition of 5 μl of 0.01 mM H89 (Calbiochem), 0.6 mM ATP (Sigma), 2.0 mg/ml histone H1, 1.0 mg/ml MBP and 150 Ci/mmol [γ-32 P]ATP (Amersham, Baie d'Urfé, PQ, Canada) in a buffer with 48 mM EGTA as previously described [31] . The reaction was stopped after 30 min by addition of 10 μl 2 × Laemmli sample buffer (Invitrogen) and boiling. The mixtures were separated on 15% SDS-polyacrylamide gels and subsequently dried [25] . Unfertilized eggs cultured for 8 h and zygotes acted as positive and negative controls, respectively, and the background levels of phosphorylation of MBP and histone H1 were determined from reactions run with lysis buffer only. Quantification was performed by using a Typhoon 8600 with ImageQuant software (Molecular Dynamics, Sunnyvale, CA, USA). Signals were corrected for background by subtracting the intensity in the buffer-only lane. The values of histone H1 or MBP kinase activity for fresh eggs were arbitrarily set at 100%, and other groups were expressed relative to this value within each gel.
Polarized light microscope (PolScope) imaging
A PolScope imaging system (Cambridge Research & Instrumentation, Boston, MA, USA) located at the Marine Biological Laboratory (Woods Hole, MA, USA) was used to measure the birefringence of living eggs and reveal the spindle, as previously described, without the need to fix, stain or label the oocyte [27] . PolScope measures birefringence in the plane of focus independent of orientation and therefore gives also a measure of the degree of coherent organization at the molecular scale in an egg spindle not provided by confocal images. Increased birefringence and hence a more organized spindle was displayed qualitatively on a monochromatic scale from dark gray to white, with white representing the highest birefringence [27] .
Eggs were imaged singly using a Zeiss Axiovert 100 inverted microscope equipped with PolScope hardware that was controlled with MetaMorph PolScope software (Universal Imaging Corp., Boston, MA, USA), which was also used for image analysis. Unfertilized eggs were collected and denuded of cumulus cells as described above, except that modified Hepes-KSOM (14 mM Hepes, no BSA) was used during PolScope imaging (above). Eggs were washed in modified Hepes-KSOM and transferred to a plastic tissue culture dish with a cover glass bottom (MatTek Corp., Ashland, MA, USA) using a custom-made heated box for thermal control. For experiments involving U0126 alone, the dish contained 100 μl modified Hepes-KSOM overlaid with mineral oil. When roscovitine was used, the dish contained 900 μl modified Hepes-KSOM and no oil. The dish was allowed to sit in the box for at least 5 min to allow for thermal equilibration prior to the start of image acquisition. A background image was obtained from an area without eggs. Images were acquired periodically during activation experiments at the times indicated. Eggs were imaged prior to activation to establish the baseline spindle appearance. A 6× concentration of the activator (roscovitine, U0126, U0126+rosco-vitine) was then added to the chamber away from the eggs and was carefully mixed at the time indicated as t=0 for egg activation, in order to yield a final concentration in the chamber of 1×.
Confocal imaging
The protocol for visualizing microtubules was adapted from that of Carabatsos et al. [32] . Briefly, eggs were fixed in microtubule stabilization buffer (components from Sigma: 2% formaldehyde, 1 μM paclitaxel, 0.5% Triton and 10 μg/ml aprotinin in Tris-buffered saline [TBS] containing 10 mM Tris-HCl pH 7.5 and 150 mM NaCl) for 30 min at 30 C and then rinsed in blocking solution (2% each of BSA and fetal bovine serum, 0.1 M glycine and 0.01% Triton X-100 in TBS, all components from Sigma). Eggs were then incubated overnight in 20 μg/ml rat anti-tubulin primary antibody (YL1/2, Chemicon, Temecula, CA, USA), incubated for 2-3 h with10 μg/ml Alexa-594 goat anti-rat secondary antibody (Molecular Probes, Eugene, OR, USA), stained for DNA with SyTox Green (1-2 μM; Molecular Probes) and mounted on size 0 coverslips in 75 mg/ml n-propyl gallate (Sigma) in 1:1 glycerol:water (v/v).
For visualizing the distribution of actin filaments (F-actin), eggs were fixed with 2% formaldehyde and 0.02% Triton X-100 in Dulbecco's PBS at 30 C for 30 min, rinsed in blocking solution (above) and incubated overnight (4 C) in TBS with 0.5% Triton, 1% BSA, 5 U/ml Alexa-594-phalloidin (Molecular Probes) and 0.5-1 μM SyTox Green. Eggs were mounted as described for tubulin. The eggs could not be simultaneously imaged for F-actin and tubulin, as the fixation procedure for optimal tubulin visualization was found to significantly inhibit staining of actin filaments with phalloidin in fixed eggs.
Confocal images were collected using an Olympus IX70 inverted microscope equipped with a BioRad MRC-1024 confocal laser-scanning unit and Olympus UApo 40x (NA 1.15) water immersion lens. For Alexa 594 conjugates, excitation was at 594 nm with a helium-neon laser, and the emission image was collected through a 600 nm long pass filter (EFLP). For SyTox Green staining, excitation was at 488 nm with an Argon-ion laser, and the emission image was collected through a band pass filter centered at 522 nm. A series of 9 evenly-spaced confocal sections (approximately 8-10 μm apart) were obtained through the thickness of the egg. The number of eggs analyzed by confocal microscopy in the different treatment groups is specified in the Results.
Data analysis
Graphs were produced using SigmaPlot 8.02 (SPSS, Chicago, IL, USA). For the kinase activity assays, means were tested for significant differences using ANOVA followed by the Tukey-Kramer multiple comparisons post hoc test. Statistical analysis was performed using InStat (GraphPad, San Diego, CA, USA). Polarized light microscopy (PolScope) images are shown in the pseudo-grayscale provided by the software without adjustment. The overall brightness and contrast of confocal images have been adjusted to optimize visibility of the composite images. In no case did this change the appearance of cellular structures.
Results
MAP kinase and MPF activities during egg activation
Since we used U0126 to inhibit MEK (and hence MAPK) and roscovitine to inhibit the cyclin-dependent kinase (CDK) activity corresponding to MPF, we first confirmed that these inhibitors had the predicted inhibitory effects in MII eggs and determined the time course of inhibition. Histone H1 kinase activity and Myelin Basic Protein (MBP) kinase activity were measured simultaneously in egg lysates as a function of time after egg activation by U0126, roscovitine or U0126+roscovitine added simultaneously (Fig. 1) . It has previously been established that the measured H1 kinase activity reflects CDK1 (MPF) activity, while MBP kinase activity reflects ERK-type MAPK activity in oocytes throughout meiosis [22] .
When eggs were exposed to roscovitine (Fig. 1A) , H1 kinase (MPF) activity fell within 15 min to less than 20% of its value in unfertilized eggs and was undetectable above the background by 1 h. In the same eggs, MBP kinase (MAPK) activity remained elevated for at least 4 h, but decreased to baseline by 8 h. This is similar to the timecourses for each kinase activity previously determined in eggs after in vitro fertili zation [25] and in parthenogenotes after Sr 2+ -activation [29] . In contrast, eggs treated with U0126 (Fig. 1B) exhibited a rapid loss of MBP kinase (MAPK) activity, which dropped to <40% within 15 min and to background within 1 h, while H1 kinase (MPF) activity decreased more slowly and remained high (approximately 60% of initial activity) at 1 h. When both inhibitors were used simultaneously to activate eggs (Fig. 1C) , both kinase activities decreased rapidly and with similar timecourses to those seen when each inhibitor was used individually.
As described below, the critical period for the onset of abnormal spindle and egg morphology was within approximately the first hour, with effects on the spindle organization as detected by PolScope evident within 20 min. During this period, the three treatments generated three different patterns of the two kinase activities. Roscovitine-activated eggs had elevated MAPK and low MPF activities, which is similar to Sr 2+ -activated or fertilized eggs [29] . U0126-activated eggs had the opposite pattern, with high MPF and low MAPK. Finally, U0126 and roscovitine together (U0126+roscovitine) produced activated eggs with low levels of both activities during this period.
Spindle dynamics and organization in living eggs following egg activation
Polarized light microscopy directly reveals the amount of ordered structure in the spindle as birefringence [5] , which provides a measure of periodic, anisotropic structure at the scale of the wavelength of light (e.g., aligned spindle microtubules). When eggs were activated with roscovitine alone, the birefringence of almost all spindles increased markedly (Table 1 ; Fig 2A) . The initial increase in birefringence was observed in images starting at 8-15 min after introduction of roscovitine and reached a maximum after about 15-35 min (Fig. 2A) . This closely resembled the increase in spindle birefringence previously shown to be one of the earliest manifestations of egg activation with Ca 2+ ionophore [5] or with Sr 2+ [33] and confirmed that eggs in which MPF is inactivated but whose MEK/MAPK activity remains high show increased order in the spindle, even in the absence of increased intracellular Ca 2+ . All roscovitine-activated eggs that were examined extruded the second polar body at times raging from 35-60 min after roscovitine addition, and at this time the birefringence of the spindle increased further when the midbody was formed between egg and polar body. This result indicates that the increase in spindle order that normally occurs at egg activation is the result of decreased MPF activity and that it is independent of Ca 2+ . In contrast, in eggs activated with U0126, increased birefringence was not observed in any egg (Table 1) . Instead, there was either no change during the first hour after U0126 was introduced or the spindle dimmed and became undetectable by PolScope, indicating that its birefringence had decreased to the point where it was not greater than that of the essentially isotropic cytoplasm. In the cases where spindle birefringence became undetectable (Fig. 2B) , this occurred within 12-18 min post-U0126, i.e., at approximately the time post-activation that increased birefringence was normally . Activities are expressed relative to the activity in unactivated MII eggs (t=0) included on the same gel, which was arbitrarily set to 100%. As controls, each gel also included pronuclear stage 1-cell embryos (squares) and unfertilized eggs (inverted triangles) that were maintained in culture for 8 h before measurement. Each point is the mean ± SEM of N=7-8 replicates for t=0, t=1 h, 1c and unfertilized eggs, 4-5 replicates for 4 h and 8 h and 3-4 replicates for the remaining time points. ANOVA followed by Tukey-Kramer post hoc test was used to determine points that were significantly different (P<0.05) from unactivated eggs at t=0 and from pronuclear stage 1-cell embryos. All points that are not significantly different from the kinase activities in unactivated eggs at t=0 are marked "a" for MBP kinase (MAPK) activity and "a'" for Histone H1 kinase (MPF) activity. Similarly, points not significantly different from the kinase activities in pronuclear stage 1-cell embryos (after both MAPK and MPF were inactivated) are marked with "b" for MBP kinase and "b'" for Histone H1 kinase.
expected. Disappearance of spindle birefringence in images was not due to the spindle having moved out of focus, since dimming of birefringence was observable in sequential images and focusing through the egg after spindle disappearance failed to reveal a birefringent spindle (not shown). Similarly, in eggs treated with U0126+roscovitine, birefringence decreased and the spindle became undetectable in all eggs by 8-20 min after the inhibitors were introduced (Table 1 and Fig. 2C ). This indicated that the apparent decrease in ordered structure in the spindle that occurred when MEK/MAPK were inhibited by U0126 was dominant over the increase in birefringence normally seen with roscovitine. Thus, unlike eggs activated by fertilization or Sr 2+ (previous results) or by inhibition of MPF activity with roscovitine, in which the ordered anisotropic structure of the spindle increases, inhibition of MEK with U0126 produced a clear loss of organization in the spindles of MII eggs even though they became activated.
Spindle characteristics after egg activation
To determine whether the apparent rapid destabilization of the spindle structure by U0126 treatment as indicated by polarized light microscopy had consequences for subsequent spindle localization, we used confocal microscopy with immunostaining for tubulin to examine the position and morphology of spindles after U0126 treatment. We first confirmed that unfertilized MII eggs showed the expected spindle morphology. Confocal microscopy of tubulin in MII-arrested unfertilized eggs (N=43) showed that the MII spindle was located immediately under the cortex, with its long axis parallel to the egg surface in the large majority (N=39/43) of MII eggs (not shown). Of the remaining eggs, one appeared to have become spontaneously activated and entered anaphase, while the other three had disrupted spindles. Thus, approximately 10% of eggs used here had apparently abnormal spindles before activation, and this indicates the possible proportion of abnormal spindles due to abnormalities already present in the MII egg.
We assessed spindle morphology during the initial stages of egg activation with U0126, roscovitine, U0126+roscovitine or Sr 2+ using confocal microscopy with immunocytochemistry for tubulin. Although only single sections are shown in the examples, entire sets of nine sections were used to determine the three-dimensional position of the spindle when categorizing the phenotype. Examining eggs fixed at 1-3 h after these treatments showed that the transition from metaphase to anaphase occurred more slowly in eggs treated with U0126, roscovitine or U0126+roscovitine than in eggs activated with Sr 2+ . Spindle rotation and transition to anaphase was complete in all Sr 2+ -activated eggs examined by 1 h, but the majority of eggs treated with roscovitine, U0126 or a Data are presented as the number of eggs (% of total). Each egg constituted a separate experiment, as one activated egg was imaged in each experiment. b In eggs scored as decreased, the spindle became undetectable by polarized light microscopy (i.e., birefringence was not detectably different from cytoplasm). There is a significant association between rows and columns (P<0.0001 by chi-square test).
U0126+roscovitine did not undergo these transitions until about 2 h after treatment (not shown). Therefore, we assessed spindle morphology at 3 h, when nearly all (80-100%) eggs in each group had exited metaphase.
A majority of eggs that had been activated with U0126 showed abnormal remnants of spindles at 3 h (Table 2) . Only a minority of those eggs assessed had a normal midbody located between the egg and a small polar body, while the largest proportion (approximately 60%) showed spindle remnants that had apparently drifted away from the egg cortex and were localized deeper in the cytoplasm, or were activated but still parallel to the egg cortex (Fig. 3) . This was essentially unchanged when eggs were also exposed to roscovitine simultaneously with U0126 (U+R). In contrast, eggs exposed to roscovitine alone mainly showed a normal midbody, and this was similar to eggs activated by Sr 2+ (Table 2 , Fig. 3 ). The main effect of the presence of U0126, therefore, was a tendency for the spindle to be in an abnormal position in the egg by several hours after exposure.
We also attempted to test whether U0126 perturbed activation by Sr 2+ , since Sr 2+ induces a transient increase in intracellular Ca
2+
and morphologically normal parthenogenotes similar to those that result from fertilization. However, we found that few eggs sur- 
a Number of eggs (%). b Rotated included mainly anaphase/telophase spindles that had rotated out of parallel. c The status of the spindle or remnant in 1 egg in each of the roscovitine and U0126+roscovitine groups was unclear. These are included in the abnormal category. Fig. 4 . Examples of the actin distribution after egg activation by U0126. Actin was distributed mainly in the polar bodies ("pb") of eggs that emitted them after activation with U0126 (A; 3 h post-activation). In U0126-activated eggs, the spindles of which had apparently drifted away from the cortex before anaphase (top right), less actin was evident (the patch of staining may be the remnant of the first polar body). In contrast, eggs activated with U0126+roscovitine simultaneously (B) showed predominantly foci of actin (arrow) at the cortex near the location of the DNA. DNA is shown in green, and actin is shown in red. The scale bar at the bottom left is approximately 20 μm and applies to all sections in the figure.
vived co-treatment with Sr 2+ and U0126 and so were unable to perform such experiments (3 separate repeats, not shown).
Actin morphology after egg activation
In normal egg activation, an actin-rich cortical patch that overlies the MII spindle disappears in most eggs within approximately 1 h post-activation, and this is followed by cytokinesis of the second polar body which then contains most of the brightly-stained Factin. By 3 h post-activation, which is when the spindles were assessed (above), bright actin staining is mainly found in the polar body, which we confirmed here (not shown). Eggs activated by roscovitine also mainly (N=14/18) exhibited this normal pattern (not shown).
Many eggs activated with U0126 also exhibited a similar pattern of F-actin, although a substantial number of the remainder lacked visible actin staining. At 3 h, approximately 80% (N=14/18) of the eggs assessed had brightly-stained second polar bodies, while the remainder had chromosomes that had drifted away from the cortex and had little actin staining (Fig. 4A) . Thus, activated eggs which formed second polar bodies exhibited actin staining mainly in the polar bodies, while a cohort in the U0126-activated group in which the chromosomes were visible away from the cortex did not possess second polar bodies and had little visible actin staining (except in first polar bodies or remnants).
A different pattern of actin distribution was seen after egg activation with U0126+roscovitine. At 3 h, only approximately 10% (N=3/34) had produced normal-appearing polar bodies. The majority (approximately 65%) had condensed foci of actin (Fig.  4B) , either as bright, concentrated areas of staining (N=18/34) or as more diffuse networks of actin staining (N=4/34). The remainder either still retained actin-rich patches (N=5/34) or had little or no visible actin staining (N=3/34). Thus, the majority of eggs activated by U0126 and roscovitine simultaneously had actin foci, while this was not seen in eggs activated by Sr 2+ , roscovitine or U0126 alone. 
Actin and tubulin distributions in pronuclear stage parthenogenotes
We also examined the further development of parthenogenotes produced by activation with U0126. U0126-activated eggs that possessed an apparently normal-sized second polar body (N=10 each h from 4-8 h) mainly (60-70%) showed a normal midbody and actin staining in the polar body (Fig. 5A) , and this was similar to the actin and tubulin distributions in Sr 2+ or roscovitine-activated eggs 4-8 h after activation (not shown).
A number of U0126-activated eggs examined from 4-8 h postactivation had abnormally large second polar bodies (Fig. 5B) as previously reported [25] . These eggs also mainly possessed midbodies localized between the cleaved cells (N=14/21), and they exhibited actin staining mainly in the cleavage plane.
The majority of U0126+roscovitine-activated parthenogenotes 4-8 h after activation were of the distorted phenotype previously reported [25] . When stained for tubulin, these parthenogenotes mainly exhibited structures resembling midbodies (85%, N=28/33; the remainder had no tubulin staining), which were usually found deep in the cytoplasm, often at the site of invaginations that produced the characteristic lobular phenotypes of these eggs ( Fig. 5C and D). Actin mainly appeared as a bright focus or a network of filaments. At 4-5 h post-activation, most eggs still only had a single focus of actin (30%, N=9/30 at 4 h; 35%, N=9/26 at 5 h) or a network of actin on the surface, usually with a bright focus from which it radiated (37%, N=11/30 at 4 h; 50%, N=13/26 at 5 h). From 6 h onwards, eggs mainly exhibited extensive networks of actin (Fig.  5C, right) , usually following the contours of the distorted eggs.
Discussion
We previously found that U0126, a specific inhibitor of activated MEK [34] , but not its inactive analog U0124, was sufficient to parthenogenetically activate MII mouse eggs and that it frequently produced a characteristic phenotype with large polar bodies or nearly symmetric cleavages [25] . In the present study, we have shown that inhibition of MEK and MAPK inactivation with U0126 in MII eggs caused an evident destabilization of the MII spindle that occurred rapidly after MEK inhibition, apparently leading to the development of these abnormal phenotypes.
Polarized light microscopy (PolScope imaging) revealed that there was an unexpectedly rapid decrease in the birefringence of most MII spindles following introduction of U0126, which usually resulted in spindles becoming undetectable by polarized light microscopy within approximately 10-20 min. The decreased birefringence indicates substantial loss of ordered, anisotropic structure in the spindle. This apparent loss of organized spindle structure occurred over the same period during which we found that MEK/ MAPK inactivation occurred. In contrast, egg activation using roscovitine (in the present study), Ca 2+ ionophore [5] or Sr 2+ [33] instead caused a very marked increase in spindle birefringence, indicating that spindle structure normally becomes much more ordered and exhibits markedly increased anisotropy shortly after egg activation. We interpret this to indicate that MEK/MAPK activity is required to maintain the structural integrity of the MII spindle, rather than being a secondary effect of U0126-induced release from MII arrest, since the loss of structure revealed by polarized light microscopy occurred before MPF activity began to decrease (initiating release from arrest). Our results are thus consistent with a model in which MII spindle integrity requires MEK and MAPK activity both before and during egg activation, and where, in the absence of active MEK/MAPK, the MII spindle loses structural integrity and the normal increase in ordered spindle structure during egg activation fails to occur. In contrast, during normal fertilization (or in eggs activated by Sr 2+ or roscovitine), the decrease in MPF while MEK/MAPK activity is maintained instead causes a marked increase in ordered structure in the spindle.
Confocal microscopy showed that, following egg activation with U0126, many spindles had either drifted away from the cortex or failed to rotate normally and were still parallel to it. This contrasts with eggs activated using Sr 2+ ; these eggs had spindles that always entered anaphase only while attached to the cortex and after they had rotated to become perpendicular to the cortex, following which they completed a highly asymmetric cytokinesis to produce normal small second polar bodies. At later time points, midbodies in U0126-activated eggs were often found at the cleavage plain with abnormally large polar bodies, implying that cleavage was induced through the spindle after it had drifted away from the cortex or while it was abnormally oriented. Thus, we propose that the large second polar body phenotype that often arises when MEK is inhibited in MII eggs is due to loss of cortical attachment of the MII spindle, so that the spindle drifts into the cytoplasm and induces a cleavage plane deeper in the egg than normal, or is due to incomplete rotation of the spindle, either of which induces cleavage planes more nearly perpendicular to the egg surface than normal. In either case, the consequent cleavage plain induced at cytokinesis passes deeper through the egg than in fertilized eggs, and this results in a polar body that is abnormally large. This contrasts with the etiology of the large first polar body phenotype in mos -/-oocytes, which is instead the result of failure of the MI spindle to move to the cortex and subsequent spindle stretching [1, 14] .
Eggs activated by U0126+roscovitine simultaneously almost never formed polar bodies but instead first produced a focus of actin on the cortex and subsequently produced a multilobed phenotype with a spindle remnant at the site of deepest invagination, which was not observed with any other means of egg activation. We hypothesize that this difference may be due to the timing of MPF inactivation with respect to spindle destabilization by MEK inactivation with U0126. With U0126 alone, the disrupted spindle usually lost its normal cortical localization before MPF inactivation, exit from MII and initiation of anaphase. In contrast, with U0126+roscovitine, spindle disruption and MPF inactivation occurred nearly simultaneously so that the spindle was still localized at the cortex during the initiation of egg activation. Actin organization by chromatin is dependent on the distance between egg chromosomes and the cortex [35, 36] . We therefore hypothesize that a spindle localized at the cortex is able to strongly induce actin polymerization, but because the spindle is disorganized, the result is not a normal symmetric ring but only a condensation of actin into a single focus that then contracts to form the observed lobes. Since the focus of condensed actin was found nearest the spindle, this would also explain the observation of a midbody-like structure under the deepest invaginations at later time points.
In summary, the results presented here indicate that MEK and MAPK activity continue to be required for maintaining spindle integrity in the mature MII egg at activation, and this is similar to their well-established role at the MI/MII transition. The normal increase in ordered MII spindle structure upon egg activation is due to decreased MPF activity and is apparently independent of the fertilization-induced Ca 2+ transient. In the absence of MEK and MAPK activity, the MII spindle fails to exhibit increased order during egg activation and instead often shows a marked decrease in ordered structure in the spindle. The spindle then frequently loses its cortical localization or fails to rotate normally, leading to a high incidence of abnormal cleavage patterns during second polar body emission.
